INTRODUCTION
Degradation of tetrachloromethane was examined in the three strictly anaerobic bacteria, Acetobacterium woodii. Desulfobacterium autotrophicum and Methanobacterium thermoauwtrophicum. When incubated under anaerobic conditions in reduced buffer, suspensions of each organism degraded CCI4 by both reductive and substitutive mechanisms. The products formed included less-highly chlorinated methanes and CO 2. Cell-free extracts of A. woodii degraded tetrachloromethane in a manner similar to that in whole cells but at a lower rate (63 vs. 110/~kat/kg of protein). When M. thermoautotrophicum or A. woodii was autoclaved, reductive dechlorination was partly abolished, whereas substitutive dechlorination was retained. Trichloromethane was oxidized to CO 2 by both native and autoclaved cells of A. woodii. Halomethanes are thus degraded anaerobically by reductive, substitutive and oxidative mechanisms.
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Tetrachloromethane and trichloromethane are subject to anaerobic biotransformation [1] [2] [3] . The products from CCI4, which are seen in soil samples, are also found in pure cultures of several strictly anaerobic bacteria (Methanobacterium thermoautotrophicum. Acetobacterium woodii, Desulfobacterium autotrophicum and Clostridium spp.). Two types of reactions have been recognized: reductive, to less-highly chlorinated methanes, and substitutive, to CO 2 and some of its transformation products [4] [5] [6] . The ability to anaerobically transform CCI 4 has been correlated [5] with the presence of the acetyI-CoA pathway [7, 8] for the degradation or synthesis of acetate (acetyI-CoA) in these organisms. Bacteria with an operative acetyi-CoA pathway contain high levels of corrinoids [9.10] , and it has been suggested that the latter catalyze reductive dehalogenation in anaerobic bacteria [5, 11] .
Transformation of CC! 4 is also known in complex eukaryotic systems, e.g. liver fraction [12] [13] [14] [15] [16] , reduced iron (II) porphyrin [17] , vitamin B12 [11, 18] and coenzyme F430 [19] . All of these require reduced conditions. The latter three systems dehalogenate in the absence of protein components. These reactions are all reductive, and no formation of CO z has been reported. Whereas the reductive dehalogenation of CCI 4 observed in whole cells of anaerobic bacteria is likely to be catalyzed by metallo-porphyrins, the mechanisms underlying substitutive dehalogenation to CO z are unknown. Since metalloporphyrins are known to be heat-stable we have investigated whether the two dehalogenative pathways for CCI 4 are differentially affected by heat treatment of bacterial cells. In general, substitutive dechlorination was heat-stable whereas reducrive dechlorination tended to be heat-labile. Both reactions were active in native cell extracts.
MATERIALS AND METHODS

Materials, apparatus and analyses
The [14C]tetrachloromethane, Viton and butyl rubber septa, scintillation fluid and chemicals were described elsewhere [4, 5] .
[14C]Trichloromethane (0.29 TBq/mol) was from Amersham (Buckinghamshire, U.K.) Gas chromatography (GC) with thermal conductivity detection (TCD) or with flame ionisation detection (FID), liquid scintillation counting and spectrophotometric analyses were done with standard equipment [5] .
Chlorinated hydrocarbons and methane were routinely determined (GC/FID) after separation on a Porapak P column and conclusively identified [4, 5] . Samples were taken from reaction mixtures at intervals and initial rates of degradation were calculated. RadiolabeUed compounds in the gas phase were separated on a Carbosieve B column in the GC-TCD and CO 2 was trapped and quantified [5] . CO, was also determined as described by Fuchs et al. [20] . The amount of radiolabelled halomethanes formed from 14CC!4 or 14CHCI3was calculated from GC analyses by assuming the products to have the same specific radioactivity as their precursors. Methane was determined as described elsewhere [5] . Protein was quantified by a Lowry method; protein in samples was determined prior to autoclaving. Values of concentrations of halomethanes in cultures were calculated as if the compounds were entirely in the aqueous phase [4, 21] . The SI units Bequerel (Bq, s -1) and katal (kat, mol/s) are used.
Organisms, growth conditions and cell-free extract
D. autotrophicum HRM2 (DSM 3382) was grown heterotrophicaily in 5 mM lactate-salts medium at 28°C [22] . A. woodii (DSM 1030) was growth heterotrophically in 8 mM fructose-salts medium at 30°C [23] and M. thermoautotrophicure Marburg (DSM 2133) was grown autotrophically at 65°C [24] . All organisms were grown in batch cultures in 500-mi serum bottles under and atmosphere of H,/CO2 (4:1; 2 bar). Experiments were done with exponentially growing organisms harvested under anaerobic conditions and washed once in anaerobic buffer, pH 7.2 (70 mM NaHCO 3, 2.5 mM KHzPO 4, 2.5 mM cysteine hydrochloride, 1 mM Na2S and 4 mM fructose); the gas phase was H2/CO 2 (4-1).
Washed cells of A. woodii were suspended in anaerobic buffer and disrupted anaerobically by two passages through a chilled French pressure cell (120 MPa). Whole cells and debris were removed by centrifugation (5000 × g, 30 min, 4°C) and membranes were removed from the cell-free extract by ultracentrifugation (100000 × g, 30 min, 4°C) [8] . All steps were done under exclusion of oxygen.
Degradation experiments
All experiments were done under an atmosphere of H2/CO 2 (4 : 1) in 140-mi serum bottles which were capped with Viton stoppers and conrained 1 /xmoi of chlorinated hydrocarbon. The reaction mixture (25 ml) contained anaerobic buffer and native or autoclaved (121°C, 2.2 bar; 30 rain) cell suspension or cell-free extract. The amounts of protein in experiments using CCI 4 were (mg/mi): A. woodii, 0.24; A. woodii extract, 3; 1). autotrophicum, 0.16; M. thermoautotrophicum, 0.2. In experiments using CHC! 3 the protein concentrations was 0.88 mg/ml. In some degradation experiments [14C]CCI4 (360 MBq) or [14C] CHC! 3 (480 MBq) was used. Anaerobic buffer and chlorinated hydrocarbons were equilibrated for 30 min at 28, 30 or 65 °C prior to addition of biological material, with which the reaction was started. After 24 h, 1 ml of I M-NaOH was added by syringe to stop the reaction and to trap CO 2. After shaking for 4 h metabolic products were analyzed.
RESULTS
Native cell suspensions of three anaerobic bacteria were examined for their ability to degrade CCIs4 ( Table 1) . Each of the three organisms degraded CCI 4, though at different specific rates. The reductive reaction predominated in D. autotrophicum (about 70~ of products; Table 2 ), whereas in M. thermoautotrophicum and A. woodii only about 20-3070 of the products resulted from reductive dehalogenation. Substitutive dehalogenation was previously thought to be present only in A. woodii [5] . We now have found that M. thermoautotrophicum and D. autotrophicum also catalyze this reaction.
Whereas autoclaving abolished dechlorination in D. autotrophicum, it had little effect on the Table 2 ) and thus, a slight increase in the substitutive reaction. All active preparations caused complete disappearance of CCI 4 within 24 h and produced the same amount of radioactivity in CO,, cells and undefined water-soluble material, whether native or autoclaved cells were examined ( Table 2 ). The reductive pathway in native cells yielded CHCI 3. CH.,CI, traces of CH3CI (not shown) and, in the methanogen, traces of methane (Table 2) . Methane formation by native cells was presumably due to both methanogenesis from CO2/H 2 and reduction of CCI 4, whereas the methane produced by autoclaved cells is thought to arise exclusively from CCI 4. The recovery of radioactivity was > 90% with whole cells but only about 70% with autoclaved material, so we presume that an undetected gaseous product(s) was formed in the latter case. Dechlorination occurred only when strictly anaerobic conditions were maintained. The kinetics of CCI 4 transformations by cellfree extracts of A. woodii (Fig. 1) closely resembled those of whole cells [5] . After incubation for 80 min, radioactivity introduced as CCI 4 was recovered in the following products: COz (10%), CHCI a (32%), CH2CI 2 (2%), cell-material (2%) and soluble products (47%). The extract displayed the same catalytic activities as whole cells, though at a lower specific activity ( Table 1 ). The membrane fraction was inactive and did not contribute to the dehalogenation, which thus was catalyzed by soluble components. When cell-free extracts was fractionated into low-molecular-weight and high-molecular-weight components by gel-filtration on Sephadex G-25, CC! 4 degradation was observed to be equally distributed in both fractions. CHCI 3 was subject to both reductive dechlorination and to transformation to CO 2 in native cell suspension of A. woodii (Table 3 ). The latter reaction causes a net increase in the oxidation state of the carbon atom. We thus observed, in addition to the substitutive and reductive dehalogenations of chloromethanes, dehalogenation by anaerobic oxidation. The rate of degradation of CHCi 3 (7/~kat/kg of protein) was much lower than the degradation rate of CCI 4 ( Table 1 ). Autoclaving reduced the overall initial rate by 604, but, as with CC!4, the amount of radioactivity in CO z, water-soluble products and cell material was little changed by this treatment. The extent of the reductive reaction was markedly reduced by autoclaving but not eliminated.
DISCUSSION
We have previously shown that CCI 4 metabolism by the strictly anaerobic bacterium A. woodii comprises both a reductive branch leading :o CHCI 3, Ch2Cl 2 and CH3CI, and a substitutive branch which transforms CCI 4 into CO, [5] . The present investigation demonstrates that CHCI3 is similarly subject to two alternative dehalogenation sequences by cell suspensions of A. woodii. The reductive branch transforms this compound to CH,CI 2, and an oxidative pathway leads to CO2 by a series of unknown reactions. The reaction rate of the oxidative transformation of CHCI 3 is about 20-fold lower than the rate of CCI4 transformation to CO2. We thus presume that CHCI3 is not an intermediate in the conversion of CCI 4 to CO 2 (Fig. 2) .
The data presented here also illustrate that heat treatment of bacterial cells can alter the distribution of the reductive and substitutive activities in the degradation of CC! 4. By autoclaving A. woodii, a situation can be attained whereby CCI 4 is quantitatively degraded and largely converted to water-soluble products (Table 2) . To a lesser extent this holds true for autoclaved cells of M.
thermoautotrophicum. The finding that reductive dehalogenation of CCI 4 is partly or wholly lose on autoclaving would not be anticipated from the stability of metallo-porphyrins [25] . It suggests that, under the conditions employed here, reductire dehalogenation depends on protein-mediated electron transport from hydrogen and to a lesser extent on electrons supplied by cysteine and sulfide [26] which are contained in the incubation buffer. The latter reaction may explain the reductive dehalogenation remaining in autoclaved cells of M.
thermoautotrophicum ( Table 2 ). The first step in reductive dehalogenation of CC! 4 is thought to involve its reaction with a reduced metalloporphyrin to form a chloromethyl-metalloporphyrin [11, 13, 16, 18] . The latter intermediate is unstable in the presence of thiol compounds [27] and gives rise to CHCi 3 and the reduced metalloporphyrin. The overall reaction from CCI 4 to CHCI 3 thus requires only catalytic amounts of reduced metalio-porphyrin. The different sensitivities of CCI 4 dehalogenation to autoclaving in the three anaerobic bacteria examined may be due to differences in their metallo-porphyrin patterns. Different metalloporphyrins may exhibit different sensitivities to heat treatment or may need a suitable environment of native proteins to function in reductive dehalogenation. All three organisms contain high 211 levels of corrinoids, though of slightly different structure [9] . M. thermoautotrophicum in addition contained the nickel (It) prophinoid coenzyme F430 [28] and cytochromes of the b and C type have been reported in D. autotrophicum [29] . Corrinoids [11, 18, 12] and coenzyme F43 o [19] have been shown to catalyze the reductive dehalogenation of CC! 4.
The observation that the substitutive dehalogenation of CC! 4 and the oxidative dehalogenation of CHC! 3 depend on chemical catalysis by heat-stable cell-components represents a first characterization of the parameters affecting these unknown reactions. It suggests that the metallo-porphyrins presumably involved in reducrive deha!ogenation are also responsible for substitutive and oxidative dehalogenation of chlorinated methanes.
